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onresponse is a frequent phenomenon in both somatic and psychiatric pharmacotherapy. A considerable number of drugs have become available for the treatment of various psychiatric diseases since the discovery of chlorpromazine 50 years ago. 1 Despite all the progress in this field, there are still many patients who do not respond to treatment, so-called nonresponders. Around 20% to 30% of the patients with schizophrenia are thought to be nonresponders to one or more psychotropic drugs. Several reasons for nonresponse to treatment have been considered. The main issue is the heterogeneity of schizophrenic disorders, which can result in different clinical pictures. The existing theories discussed for schizophrenia ( Figure 1 ) may be only a small part of the existing mechanisms causing schizophrenia. Consequently, the research strategy is to focus on the effects of alterations in drug target proteins. In addition, the duration of the untreated psychosis seems to adversely affect acute treatment response and short-term outcome. 2 Here, we will focus on the pharmacokinetic and pharmacodynamic aspects of nonresponse to treatment in schizophrenia. The atypical antipsychotic clozapine, which was licensed in the USA especially for the treatment of so-called treatment-resistant schizophrenia 3 (after having been available in Europe since 1968 4 ), is not effective in all patients and 20% to 30% are known to be nonresponders. In a naturalistic study in the psychiatric clinic of the University of Munich, responders with no relapse were compared with responders with partial relapse.The response rate was only partially dependent on dose and plasma levels.
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Treatment-resistance in schizophrenia remains a public health problem: about 20% to 30% of patients do not respond to antipsychotic therapy. Clozapine has been shown to be effective in about one-third of patients, but the medical risks and weekly blood tests limit its broad application. While the heterogeneity of the disease and the duration of untreated psychosis are important, pharmacogenomic aspects must also be considered. Pharmacogenomic investigations offer the opportunity to individualize antipsychotic therapy according to the growing knowledge of the function and effect of the genetic polymorphisms that affect the pharmacokinetics and pharmacodynamics of antipsychotics. On the pharmacokinetic level, polymorphic phase I and II drug-metabolizing enzymes and transport proteins
• Responders received an average dosage of 225 mg/day clozapine and had a plasma level of 205 ng/mL clozapine on average and 120 ng/mL desmethylclozapine per day.
• Responders with partial relapse received lower dosages (125 mg/day) and also had lower plasma levels (100 ng/mL clozapine, 55 ng/mL desmethylclozapine, respectively).
• Nonresponders received higher dosages (250 mg/day) and generally also showed considerably higher plasma levels (290 ng/mL clozapine and 225 ng/mL desmethylclozapine, respectively).
Therefore the nonresponders did not respond to therapy even though they received higher dosages and had higher plasma levels (Messer T, personal communication). and that additional factors are involved.
Pharmacogenomics
Pharmacogenomics is the study of how an individual's genetic inheritance affects the body's response to drugs (Figure 2 ). This includes both the interindividual sideeffect profile and the therapeutic outcome. Single nucleotide polymorphisms (SNPs) occur every 100 to 300 bases in the human genome, leading to a large number of possible associations with response to pharmacotherapy. Keeping this in mind, current research activities mainly focus on pharmacokinetic and pharmacodynamic alterations. Most notably, genes coding for the metabolizing and transport proteins and drug target structures (receptors, transporters, and signal transduction pathways) are being investigated.
Pharmacokinetics
Various reasons have been discussed for nonresponse (Table I ). Among these is the important role of pharmacokinetic and pharmacodynamic aspects. These are partly based on functional genetic polymorphisms of the P h a r m a c o l o g i c a l a s p e c t s responsible genes. Pharmacokinetics, ie, the distribution and metabolism of drugs, is dependent on genetic variants of the metabolizing enzymes and transport proteins. Some of these are:
• The P450 cytochromes, which are members of the phase I metabolizing enzymes responsible for oxidation of functional groups.
• The phase II metabolizing enzyme N-acetyltransferase (NAT), which is responsible for the conjugation of substances with hydrophilic molecules for facilitated renal excretion.
• The multidrug resistance protein (MDR1), which controls the active transport through the membranes of cells. These determine the plasma levels and also the spectrum of metabolites, and are thus responsible for the effects and side effects of drugs. In addition, psychotropic drugs interact at this level and influence each other.
Cytochrome P450 enzymes
Various cytochromes are responsible for the metabolism of psychotropic drugs, 5 most notably cytochromes CYP2C19, CYP3A4, CYP1A2, and CYP2D6. Haloperidol, for example, is metabolized by CYP2D6, CYP3A4, and CYP1A2. Notably, the enzyme CYP2D6 exists in more than 20 different genetic variants, so-called polymorphisms, which show different enzymatic activities. Next, there are slow metabolizers, extensive metabolizers, and ultrarapid metabolizers. Several allelic variants of the CYP2D6 gene can lead to a nonfunctional enzyme or reduced CYP2D6 activity. The most common mutations in Caucasians associated with a slow metabolizer phenotype are the CYP2D6*3*4*5*6 alleles, or combinations of these, leading to a nonfunctional enzyme or reduced activity when they occur as heterozygous combinations with the wild-type allele. The ultrarapid metabolizer CYP2D6 phenotype is associated with a gene duplication. Up to 13 CYP2D6 copies could be the result of this mutation. 6 The extensive metabolizer phenotype could therefore be a result of a homozygeous CYP2D6 wild-type genotype or a combination of alleles coding for reduced or abundant activity (CYP2D6*3*4*5*6*10*17) and alleles coding for increased activity. In a study with haloperidol, which is degraded to reduced haloperidol, a piperidine metobolite, and a presumably neurotoxic substance haloperidol pyridinium (HPP + ) (Figure 3) , we noted that patients with the allele CYP2D6*4, which exists in around 10% of the Caucasian population and determines a slow metabolizer, show higher plasma levels of haloperidol and reduced haloperidol. At the same time, these patients showed a poorer response to treatment and more side effects. CYP3A4 is responsible for the increased occurrence of the possibly neurotoxic metabolite HPP + , 7, 8 showing similarities to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridinium (MPTP), which provoked symptoms similar to Parkinson's disease in heroin addicts. 9 This may also cause undesired side effects, such as extrapyramidal motor symptoms (EPS). The new atypical antipsychotic risperidone is also metabolized by cytochrome CYP2D6. Patients who are homozygous to the CYP2D6*4 allele, ie, slow metabolizers, also show higher plasma levels. Furthermore, schizophrenic patients who were heterozygous for cytochrome CYP2C19 and CYP1A2 had fewer side effects. Cytochrome CYP1A2*1F seems to be important too. Using the PANSS (Positive and Negative Symptom Scale), a poorer therapy response regarding the negative symptoms could be seen in homozygous CYP1A2*1F allele patients. Pharmacokinetic aspects are also responsible for the plasma levels of other drugs, eg, amisulpride. Tenfold differences in the amisulpride plasma level can be measured at the same dosage. We found the same results for the atypical antipsychotic clozapine and also for other antipsychotics, such as risperidone. Too low and too high plasma levels reduce the therapy response and are the reason for many side effects at high plasma levels.
Multidrug resistance protein
On the pharmacokinetic level, drug nonresponse can also occur via mechanisms affecting the efflux of a diverse range of drugs out of the cells or the permeability of the blood-brain barrier. These mechanisms have evolved during cell evolution in order to protect against toxic environmental substances or metabolites. The extensively described efflux mechanism is mediated via P-glycoprotein (P-gp) or MDR1. Multidrug resistance in humans is caused by the overexpression of the multidrug transporter: P-gp/MDR1. This overexpression can be induced by drugs affecting the MDR1 gene transcription or via functional genetic polymorphisms. P-gp is an adenosine triphosphate (ATP)-dependent transmembrane efflux pump present in the hepatic, renal, and endothelial cells forming the blood-brain barrier. The only common structural feature of MDR1 substrate compounds identified so far is their relatively hydrophobic and amphipathic nature. Risperidone and quetiapine are relatively good substrates to the P-gp, whereas haloperidol, clozapine, and flunitrazepam are hardly transported or not at all. 10 So far, a total of 28 SNPs has been found on the MDR1 gene. Interestingly, the C2435T polymorphism, which causes no amino acid change, has been found to be associated with duodenal expression of MDR1. 11, 12 The C2435T mutation is located in an noncoding promotor position (exon 26) of the MDR1 gene 13 and is therefore unlikely to be the only cause of this effect. Up to now, the results of worldwide clinical studies are still inconsistent regarding the association of the C2535T polymorphism with MDR1 expression, making further investigations necessary.
N-Acetyltransferase
Acetylation by NAT is a phase II conjugation reaction. It is controlled by two autosomal alleles at a single gene locus. Around 60% of Caucasians are poor metabolizers, whereas 20% of Orientals are slow metabolizers, and 90% to 95% of Mongoloid races are fast acetylators. Three NAT loci are found in humans: two expressed genes, NAT1 and NAT2, and a pseudogene, N-acetyltransferase pseudogene (NATP). NAT2 plays a role in the metabolism of benzodiazepines, and theoretically also plays a role in the metabolism of some antipsychotics.
Pharmacodynamic effects
The effect of both classical and atypical neuroleptics is mainly due to a blockade of dopaminergic receptors in the nigrostriatal and mesolimbic dopamine system. There are five different dopamine receptors: D1 to D5. D1 and D5 stimulate adenylatecyclase, whereas D2, D3, and D4 inhibit 14 Most important for the antipsychotic effect is the inhibition of the D2 receptor, which is more or less markedly caused by all antipsychotics. In comparison to haloperidol, clozapine has a relatively higher effect on the D4 receptor. 15 The O-substituted benzamide amisulpride has a relatively higher effect on the D3 receptor. Moreover, other receptors, such as serotonin and norepinephrine, are inhibited and contribute as well to the effect and side effects of antipsychotics. The different genetic variants of the dopamine receptors seem to be most important with regard to the responsiveness to therapy. The D3 receptor exists in two different variations. 16 According to our findings, as well as those of others, atypical antipsychotics act much better with an allele with a BAL1 polymorphism in exon I. Classical antipsychotics such as haloperidol are less effective with this allele (Figure 4) . The effect of a single allele, however, only partly contributes to the variance. Another study in 2000 by Arranz and Kerwin 17 has shown that the serotonin 5-HT2A receptor, the 5-HT2C receptor, the histamine receptor type 2 H2R, and the serotonin transporter 5-HTT2PR are additionally important. The combination of the various polymorphisms made it possible to predict the success of treatment with a rate of 77%, thus indicating future possibilities in treatment. 18 These findings show that the interaction of various genetic variants determines the effect of a drug and is thus responsible for response or nonresponse.
Future aspects
The future of a medicinal treatment will be based on individualized therapy. In addition to the heterogeneity of diseases with different pathophysiologies, there is also a difference in the effectiveness of drugs themselves due to different genetic variants. Genetic alterations in cellular ion transporters, such as KCNE2, have impact on the predisposition of patients to toxic effects of drugs. An 8T>A mutation in the KCNE2 gene can cause death by a drug-induced long-QT syndrome. Since this mutation occurs in 1.6% of the population, KCNE2 genotyping should be considered in patients treated with antipsychotics that are known to prolong the QT time intervals, such as sertindole or ziprasisdone. New microassay technologies will allow us to genotype different candidate genes simultaneously, and to determine which are responsible for the pharmacodynamic effects, as well to genotype different cytochromes, making it possible to predict the plasma levels at the equivalent dosage. Furthermore, the discovery of up to now unknown genes affecting the action of a drug by means of the so-called pharmacogenomics, ie, the recording of the whole genome, will in the future become increasingly important in both psychiatry and in other diseases. Further factors that influence gene expression and protein production, measured by proteomics, will improve our knowledge of drug effects. 
